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Mesd Encodes an LRP5/6 Chaperone Essential
for Specification of Mouse Embryonic Polarity
ences Beddington and Robertson, 1999; Lu et al., 2001;
Tam et al., 2001).
Recent reports of regionally restricted gene expres-
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sion prior to primitive streak formation provide molecularThomas Rosenquist, and Bernadette C. Holdener*
evidence that axis specification occurs well before theDepartment of Biochemistry and Cell Biology
primitive streak is distinct (Beddington and Robertson,Center for Developmental Genetics
1999; Tam and Behringer, 1997). These dynamic expres-State University of New York, Stony Brook
sion patterns, combined with lineage analysis of visceralStony Brook, New York 11794
endoderm cells (Thomas and Beddington, 1996) and
epiblast fate maps (Lawson and Pedersen, 1991), led to
the hypothesis that directional cell movements convert
Summary the pregastrula proximal-distal asymmetry into antero-
posterior asymmetry. As a consequence, the head-sig-
Specification of embryonic polarity and pattern forma- naling center moves from a distal location to an anterior
tion in multicellular organisms requires inductive sig- position that underlies the future forebrain. Similarly,
nals from neighboring cells. One approach toward un- proximal epiblast cells migrate toward the posterior side
derstanding these interactions is to study mutations of the embryo as the primitive streak and node form
that disrupt development. Here, we demonstrate that (reviewed in Beddington and Robertson, 1999; Lu et al.,
mesd, a gene identified in the mesoderm development 2001; Tam et al., 2001).
(mesd) deletion interval on mouse chromosome 7, is Both TGF- and WNT signals are essential for specifi-
essential for specification of embryonic polarity and cation of proximal/distal asymmetry and subsequent es-
mesoderm induction. MESD functions in the endoplas- tablishment of anteroposterior polarity (Brennan et al.,
mic reticulum as a specific chaperone for LRP5 and 2001; Conlon et al., 1994; Ding et al., 1998; Liu et al.,
LRP6, which in conjunction with Frizzled, are corecep- 1999; Waldrip et al., 1998; Weinstein et al., 1998). Disrup-
tors for canonical WNT signal transduction. Disruption tion of either TGF- (nodal) or WNT signals (wnt3) results
of embryonic polarity and mesoderm differentiation in in a defect in the specification of proximal epiblast pre-
mesd-deficient embryos likely results from a primary cursors of the primitive streak (Brennan et al., 2001; Liu
defect in WNT signaling. However, phenotypic differ- et al., 1999). In contrast, specification and localization
ences between mesd-deficient and wnt3/ embryos of the AVE occurs independent of wnt3 but requires
suggest that MESD may function on related members TGF- signals (Brennan et al., 2001; Conlon et al., 1994;
of the low-density lipoprotein receptor (LDLR) family, Ding et al., 1998; Liu et al., 1999; Waldrip et al., 1998;
whose members mediate diverse cellular processes Weinstein et al., 1998).
ranging from cargo transport to signaling. Although it is clear from mutation analysis that both
TGF- and WNT signals are important for specification
of anterior and posterior signaling centers, how theseIntroduction
signals are first activated and how the signaling centers
are regionally restricted remain unanswered. To begin toIn mouse, formation of the primitive streak on the poste-
address these issues, we have characterized a classicalrior side of the egg cylinder at embryonic day (E)6.5
mouse mutation that removes the mesoderm develop-provides an early morphological marker for anteropos-
ment (mesd) functional region. The mesd deletion inter-
terior axis specification in the epiblast. Cells ingressing
val was originally defined by a set of overlapping defi-
through the primitive streak are the source of the defini-
ciencies that remove the albino locus (tyrosinase gene)
tive endoderm and mesoderm of the mouse embryo. and surrounding DNA on mouse chromosome 7 (re-
The node, located at the anterior end of the primitive viewed in Holdener-Kenny et al., 1992). Embryos homo-
streak, can induce trunk structures (Beddington, 1994) zygous for deletions that remove the mesd functional
but is unable to support full development of anterior interval are distinguished from wild-type littermates at
tissue unless combined with grafts of anterior visceral embryonic day (E)7.5 by their pregastrula egg-cylinder
endoderm (AVE) (Tam and Steiner, 1999). Removal of the appearance, lack of mesoderm, and failure to activate
AVE results in abnormalities in forebrain development expression of primitive streak/mesoderm markers (Hol-
(Thomas and Beddington, 1996), and mutations that dis- dener et al., 1994).
rupt either localization of the AVE or gene expression In this study, we demonstrate that failure to establish
in the AVE lead to abnormalities in anterior/posterior a primitive streak and differentiate mesoderm in mesd-
axis development (Conlon et al., 1994; Schedl et al., deficient embryos results from a defect in patterning
1992; Varlet et al., 1997; Waldrip et al., 1998; Weinstein of the proximal epiblast. In contrast, specification and
et al., 1998). Combined, these studies suggest that both localization of the early anterior signaling center occurs
the AVE and the node/primitive streak are essential for independent of mesd function. Using transgene rescue,
anteroposterior axis determination (reviewed in refer- we establish that loss of a single gene, mesd, from the
deletion interval is responsible for polarity defects and
embryonic lethality in mesd deletion homozygotes. We*Correspondence: bernadette.holdener@stonybrook.edu
1These authors contributed equally to this work. show that MESD functions as an endoplasmic reticulum
Cell
356
(ER) resident protein. Consistent with the role of ER within the distal extra-embryonic ectoderm are active
proteins in quality control and protein trafficking and in mesd mutant embryos.
the similarity between the mesd deletion and wnt3/ Although early signaling between extra-embryonic ec-
phenotypes, we demonstrate that MESD prevents ag- toderm and epiblast appears to function, nodal tran-
gregation and facilitates membrane localization of the scription as measured by expression of the NodalLacZ
WNT coreceptors LRP5 and LRP6 in cell culture. We allele (Collingnon et al., 1996) is absent in the mesd
propose that patterning defects in the proximal epiblast proximal epiblast at E6.5 (data not shown) and E7.5
and failure to form a primitive streak and differentiate (Figure 1D, right). In contrast, we observed a low level of
mesoderm result from a primary defect in WNT signaling NODAL-LacZ activity in the distal epiblast and overlying
due to the failure to correctly localize LRP5 and LRP6 visceral endoderm of mesd mutant embryos. This resid-
in the cell. Finally, phenotypic differences between ual activity suggests that the absence of nodal in the
wnt3/ and mesd-deficient embryos suggest that proximal epiblast could result from the failure to main-
MESD also plays an essential role in the extra-embryonic tain nodal expression as opposed to a defect in nodal
tissue and is required for normal proliferation of the activation. Nodal signals in the proximal epiblast are
epiblast. This observation suggests that MESD function essential for maintenance of the extra-embryonic
is not limited to LRP5/6-mediated signaling but may also marker Bmp4 as well as expression of the primitive
include other members of the LDLR family. streak marker T and wnt3 (Brennan et al., 2001). Consis-
tent with the lack of nodal transcripts in the proximal
Results epiblast, expression of Bmp4 (data not shown) and T
are absent in the majority of older mesd-deficient em-
Primitive Streak Defects Are Preceded by Defects bryos (see Supplemental Figure S1 online) and wnt3
in Proximal Epiblast Specification transcripts are markedly reduced relative to wild-type
To begin to understand the relationship between estab- littermates. Wnt3 is initially expressed in the proximal
lishment of embryonic polarity and differentiation of epiblast and becomes gradually restricted to the poste-
mesoderm, we have undertaken a phenotypic charac- rior primitive streak and associated visceral endoderm
terization of a classical mouse mutation that removes (Liu et al., 1999) (Figure 1E, left). In contrast, we observe
the mesoderm development (mesd) functional region. an extremely low level of wnt3 transcripts in the mesd-
Embryos homozygous for deletions that remove the deficient littermates (Figure 1E, right). Combined, these
mesd functional interval are distinguished from wild- data suggest that primitive streak and mesoderm differ-
type littermates at E7.5 by their pregastrula egg-cylinder entiation defects in mesd-deficient embryos result from
appearance and lack of mesoderm (Figure 1). Previous a patterning defect in the proximal epiblast.
studies established that the mesd deletion interval is
essential for expression of late primitive streak/meso-
derm markers (Holdener et al., 1994). Formation of the mesd Is Required in Extra-Embryonic Tissue
primitive streak in wild-type embryos is marked by the for Normal Differentiation of Epiblast
expression of Fgf8 (Figure 1A, left), whereas failure to
mesd-deficient embryos and embryonic stem cells fail
form a primitive streak in mesd-deficient embryos is
to differentiate mesoderm in culture or teratomas (Hol-
underscored by the lack of Fgf8 expression (Figure 1A,
dener et al., 1994), demonstrating a requirement for
right).
mesd in the epiblast for subsequent mesoderm differen-In contrast, loss of mesd does not alter early expres-
tiation. To determine whether signals essential for acti-sion of genes in the extra-embryonic ectoderm (Holde-
vation of T, Bmp4, and eomesodermin in mesd mutantner et al., 1994). We observed low level eomesodermin
embryos are sufficient to support normal developmentexpression throughout the extra-embryonic ectoderm
of wild-type cells, we characterized the ability of wild-(data not shown). Bmp4 is initially expressed radially in
type Rosa26-LacZ ES cells to rescue mesd mutants. Inthe distal extra-embryonic ectoderm in wild-type em-
wild-type chimeras, ES cells contribute to derivatives ofbryos and then becomes confined to the proximal, primi-
all embryonic germ layers at E8.5 (Figure 2A). In contrast,tive streak (Figure 1B, left). Consistent with an arrest
wild-type cells populate the mesd epiblast (Figures 2B–in development prior to primitive streak formation, we
2F) but fail to rescue mesd mutants even in high contri-observed radial expression of Bmp4 in the distal extra-
bution chimeras (Figures 2E and 2F). It is formally possi-embryonic ectoderm of mesd-deficient embryos (Figure
ble that abnormalities present in high-contribution1B, right). Expression of Bmp4 was never observed in
chimeras result from the early influence of mesd-defi-the mesd embryo proper as compared to the wild-type
cient inner cell mass (ICM) cells on wild-type ES cellsembryo subsequent to streak formation (Figure 1B, left).
and subsequent aggressive selection against the mutantExpression of T (encoding Brachyury) initially marks the
cells. However, the existence of low-contribution chime-proximal epiblast adjacent to the extra-embryonic ecto-
ras (Figures 2B and 2C), provides evidence that thederm and soon becomes restricted to the primitive
wild-type ES cells do not have a substantial growthstreak and nascent mesoderm (Figure 1C, left). We ob-
advantage over mesd ICM cells. Combined, these re-served radial expression of T in the proximal epiblast
sults suggest that mesd function is not limited to differ-of mesd mutants (Figure 1C, right, and see Supplemental
entiation and patterning within the epiblast, but is alsoFigure S1 online at http://www.cell.com/cgi/content/
likely required in the extraembryonic tissue for subse-full/112/3/355/DC1). Activation of T and Bmp4 suggests
quent differentiation of the embryo. Analysis of tetra-that reciprocal signals essential for specification of
proximal epiblast cell fate and initiation of patterning ploid chimeras will help to validate this hypothesis.
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Figure 1. Proximal Epiblast Patterning Defects Underlie the Primitive Streak Defect in mesd-Deficient Embryos
Whole-mount in situ hybridization analysis of gene expression in wild-type and mesd-deficient embryos (A–C and E), and NodalLacZ reporter
allele activity in wild-type and mesd-deficient embryos (D). In each panel, wild-type embryos are pictured to the left and mesd littermates to
the right. In mesd mutant embryos, expression of Fgf8 (A), T (C), Nodal (D), and Wnt3 (E) is not observed in the primitive streak. However,
expression of T in the proximal epiblast (C), Wnt3 in the overlying visceral endoderm (E), and Bmp4 (B) in the distal extra-embryonic ectoderm
suggests that mesd-deficient embryos begin reciprocal patterning essential for specification of the proximal epiblast. Embryos in (A) and
(C)–(E) were dissected at E7.5 and in (B) at E8.5. All embryos are shown at the same magnification with the exception of normal littermates
pictured at 0.4 magnification in (B). Abbreviations: AVE, anterior visceral endoderm; ee, embryonic ectoderm; ex, extraembryonic ectoderm;
mesd, mesd-deficient embryo; ps, primitive streak; ve, visceral endoderm; wt, wild-type littermate. Anterior/posterior and proximal/distal axes
are indicated.
Specification and Localization of the Early Head the AVE occurs independent of mesd function (Figure
3D, right).Signaling Center Occurs Independent
of mesd Function As gastrulation proceeds, expression of Otx2 in the
epiblast becomes confined to the future forebrain regionDespite the absence of a primitive streak in mesd mu-
tants, asymmetry in the mesd visceral endoderm (VE) due to repression in the posterior by signals originating
from the underlying mes/endoderm (Figure 3E, left) (Angsuggests that the AVE is correctly specified, unlike
nodal, smad2, or cripto mutants (Brennan et al., 2001; et al., 1994). Consistent with the absence of posterior
mes/endoderm in mesd-deficient embryos, we see con-Ding et al., 1998). The mesd VE is thickened at the em-
bryonic/extra-embryonic junction on one side of the em- tinued expression of Otx2 throughout the mesd epiblast
(Figure 3E, right). Similarly, signals from the AVE activatebryo, and cells are flattened overlying distal epiblast
(Holdener et al., 1994), suggesting that mesd is not es- Hesx1 and repress Cripto in the anterior epiblast of wild-
type embryos (Figures 3F and 3G, left). Expansion ofsential for NODAL-dependent specification and localiza-
tion of the AVE. Hex, Cer, Lhx1 (Lim1), and Hesx1 are Hesx1 throughout the mesd epiblast and repression of
Cripto in the anterior of mesd-deficient embryos suggestinitially expressed in the AVE and after gastrulation in
the definitive endoderm of wild-type embryos (Figures that the mesd AVE functions as an anterior signaling
center. Furthermore, these data demonstrate that the3A–3C, and 3F, left). We observed robust asymmetric
expression of these markers in the AVE of mesd-defi- epiblast is competent to respond to AVE signals and
underscore the requirement for posterior signals in re-cient embryos (Figures 3A–3C, and 3F, right), demon-
strating that specification and localization of the AVE striction of anterior epiblast cell fate (Figures 3F and
3G, right). Following gastrulation, the stem cell markeroccurs independent of mesd function. In addition, ex-
pression of Mrg1 in the most anterior visceral endoderm Pou5f1 (Oct4) is repressed in wild-type embryos (Figure
3H, left). Curiously, despite the early patterning ob-of mesd mutant embryos suggests that patterning within
Cell
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Figure 2. Primary Requirement for mesd in the Extra-Embryonic Tissue for Epiblast Differentiation
Wild-type Rosa26-LacZ ES cells were injected into embryos from Del(7)Tyrc-3YPSd/Tyrc-ch intercrosses. Embryos were transferred into uteri of
pseudopregnant mothers and then dissected at embryonic day (E)8.5 and stained for LacZ activity. ES cells contribute to all embryonic tissues
in wild-type embryos (A). In contrast, wild-type ES cells fail to rescue mesd mutant embryos (B–F) despite the high contribution of cells in
the epiblast (E and F).
served in mesd mutant embryos, continued expression onstrated that seven of the phenotypically wild-type em-
bryos were homozygous for the mesd deletion but car-of Pou5f1 (Oct4) in mesd-deficient embryos suggests
that further differentiation of the epiblast requires mesd ried the mesdc2 transgene (Figures 4A and 4B). The
ability of the mesdc2 transgene to rescue deletion ho-(Figure 3H, right).
mozygotes to term demonstrates that mesdc2 is the
only gene essential for embryonic development withinPolarity Defects and Embryonic Lethality
the approximately 2 cM deletion (Table 1). These resultsin mesd-Deficient Embryos Result
demonstrate conclusively that the patterning and cellfrom the Loss of a Single Gene
differentiation defects observed in mesd deletion homo-Two closely linked genes, mesdc1 and mesdc2, were
zygotes result solely from the loss of the mesdc2 gene.identified as mesd candidate genes (Wines et al., 2001).
Thus, we have renamed this candidate mesd.Northern analysis demonstrated that both genes were
expressed throughout development and in most adult
tissues (Wines et al., 2001), and using whole-mount in mesd Encodes a Resident Protein
of the Endoplasmic Reticulumsitu hybridization, we detected low levels of transcripts
for both candidate genes in both embryonic and extra- The mesd gene encodes a predicted protein of 224
amino acids. An N-terminal stretch of hydrophobic resi-embryonic tissues prior to and during gastrulation (data
not shown). To determine which gene is responsible for dues suggested that MESD might function as a trans-
membrane protein (Wines et al., 2001). Although thisthe mesd deletion phenotype, we investigated the ability
of transgenes containing either mesdc1 or mesdc2 to hypothesis was consistent with the prediction that loss
of mesd results in cell-autonomous defects (Holdenerrescue the mesd deletion homozygotes. mesdc1 failed
to rescue the mesd deletion phenotype (Table 1). In et al., 1994), further analysis with PSORT (Nakai and
Horton, 1999) and TargetP (Emanuelsson et al., 2000)contrast, when the mesdc2 transgene was introduced
into mesd deletion intercrosses, 32 wild-type and only suggests that the N-terminal hydrophobic segment rep-
resents a signal sequence with potential cleavage signalfive phenotypic mesd mutant embryos were recovered
from four litters at E8.5 (Table 1). PCR genotyping dem- after amino acid 20. In addition, the MESD C-terminal
MESD: LRP5/6 Chaperone
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Figure 3. mesd Is Not Essential for Specification of the Head Signaling Center (AVE)
Whole-mount in situ hybridization analysis of gene expression in wild-type and mesd-deficient embryos (A–H). In each panel, wild-type embryos
are pictured to the left and mesd littermates to the right. To emphasize the asymmetry of embryos and boundaries of gene expression, both
lateral (left) and anterior (right) views of mesd-deficient (A–G) and normal littermate (A) embryos are shown. Expression of Hex (A), Cer1 (B),
Lhx1 (formerly Lim1) (C), Mrg1 (D), and Hesx1 (F) mark overlapping compartments in wt and mesd-deficient AVE. Expansion of Hesx1 (F) and
repression of Cripto (G) in the mesd-deficient epiblast suggest that the mesd AVE functions as an anterior signaling center. Consistent with
the absence of mesoderm, mesd mutant embryos express Otx2 throughout the epiblast (E). mesd-deficient embryos continue to express
Pou5fa (formerly Oct4) characteristic of stem cells (H). Embryos in (A)–(C) and (E)–(G) were dissected at E7.5 and in (D) and (H) at E8.5. All
embryos are shown at the same magnification with the exception of normal littermates pictured at 0.4 magnification in panels (B) and (H).
Refer to Figure 1 for description of abbreviations.
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Table 1. medsc2 Transgene Rescue
Total Number Phenotype wt: Genotype wt: Transgenic /
Transgene Line Litters Stage of Embryos Mutant Mutant (Total Transgenic)* Rescue
Mesdc1 302 5 E8.5 40 33:7 33:7 4 (17) No
305 3 E8.5 27 22:5 22:5 2 (16) No
306 4 E8.5 46 37:9 37:9 3 (19) No
Medsc2 819 4 E8.5 37 32:5 25:12 7 (19) Yes
819 3 E12.5 23 23:0 20:3 3 (14) Yes
819 4 E16.5 33 33:0 28:5 5 (18) Yes
819 6 E17.5 47 47:0 44:3 3 (26) Yes
816 1 E17.5 13 13:0 9:4 4 (8) Yes
822 1 E8.5 12 12:0 10:2 2 (11) Yes
* Number of transgenic c3YPSd/c3YPSd deletion homozygotes (total number of transgenic pups) as determined by PC genotyping (refer to Experimen-
tal Procedures).
REDL sequence closely resembles the mammalian ER flag through the secretory pathway into the media (Fig-
ure 5J). Consistent with transit through the secretoryretention signal KDEL. Receptors that recognize the
conserved KDEL motif are responsible for retrieval of system, we determined that MesdREDL-flag detected
in the media is modified with an O-linked carbohydrate,modified soluble proteins from the golgi and retention
of these proteins in the ER (Munro and Pelham, 1987). whereas full-length Mesd-flag is not glycosylated (data
not shown). Localization of Mesd-flag in the ER suggestsCombined, the putative N-terminal signal sequence and
C-terminal ER retention signal suggest that MESD is a that this protein could play an integral role in the folding
and/or secretion of proteins from the ER.resident protein of the ER. Consistent with this predic-
tion, a flag-tagged MESD fusion protein, Mesd-flag, co-
localizes with the luminal ER protein calreticulin (Figures MESD Facilitates Folding and Localization
of the WNT Coreceptors LRP5 and LRP65A–5C) but does not overlap with the golgi staining lectin
from Lens culinaris (LCA) (Figures 5D–5F). These results The patterning defects in mesd mutants are similar to
those observed in wnt3/ embryos, suggesting thatsuggest that MESD is efficiently retrieved from the golgi
and returned to the ER via the C-terminal REDL motif. MESD could facilitate folding and/or localization of a
component of the WNT signaling pathway. ConsistentConfirming this prediction, deletion of the REDL motif
(MesdREDL-flag) prevents retention of MESD in the ER with this hypothesis, we observe an accumulation of the
WNT coreceptor LRP6, a member of the low-density(Figures 5G–5I) and results in the transit of MesdREDL-
Figure 4. The mesd Deletion Phenotype Re-
sults from the Loss of a Single Gene
Rescue of mesd homozygous deletion em-
bryos by mesdc2 transgene. (A) Phenotype of
embryos obtained from matings of transgenic
deletion heterozygotes. (B) Embryos were ge-
notyped by PCR amplification of embryo ly-
sates. Lanes 1–8 correspond to embryos 1–8
in (A), and lane 9 is negative control without
DNA added to the PCR reaction. Primer pair
D7Mit301 is located outside the deletion and
serves as a positive control. Fah primers, lo-
cated within the deletion, identify embryos
homozygous for the mesd deletion (Wines et
al., 2001). Primer pair TgNMesdc2 specifically
amplifies the mesdc2 transgene. Embryos
homozygous for mesd deletions that also
carry the mesdc2 transgene ([A], embryos 4–8
and [B], lanes 4–8) are indistinguishable from
wild-type and wild-type transgenic littermates
([A], embryos 1 and 2 and [B], lanes 1 and 2).
Embryos homozygous for the mesd deletion
that do not carry the transgene display the
characteristic mesd phenotype ([A], embryo
3 and [B], lane 3).
MESD: LRP5/6 Chaperone
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Figure 5. Mesd Encodes an ER Resident
Protein
Subcellular localization in COS-1 fibroblast
cells of exogenous MESD. Cells were trans-
fected with flag-tagged full-length MESD
(Mesd-flag, [A–F]) or MESD lacking the ER
retention signal (MesdREDL-flag, [G–I]).
Cells were stained with -flag (red) and
-calreticulin (green) (A–C, G–I) or with -flag
and FITC-conjugated LCA (D–F). The full-
length MESD (red, [A and D]) colocalizes with
the ER luminal protein calreticulin (green, [B]),
but not with LCA in the golgi (green, [E]).
MesdREDL-flag (red, [G]) was no longer re-
tained in the ER but colocalized with LCA in
the golgi of some cells (green, [H]). (C), (F),
and (I) are the merged images of (A) and (B),
(D) and (E), and (G) and (H), respectively. (J)
Western analysis of Mesd-flag and Mesd-
REDL-flag localization in transfected COS-1
fibroblasts. Mesd-flag is detected in the cell
lysate (left lane, [C]), although a lower level
of the protein is also detected in the media
(left lane, [M]), likely due to saturation of the
KDEL receptor. In contrast, MesdREDL-flag
is primarily detected in the media (right lane,
[M]), with little detectable in the cell lysate
(right lane, [C]).
lipoprotein (LDL) receptor family (Strickland et al., 2002), the immunoprecipitated receptor is biotinylated (Figure
7A, lane 1). In contrast, coexpression of exogenouswithin the ER of transfected cells (Figure 6A), while coex-
pression of mesd results in a significant fraction of LRP6 MESD causes more than 50% of the receptor to shift
to a higher molecular weight form and a dramatic in-on the cell surface (Figures 6D–6F). In contrast, exoge-
nous expression of MESD has no enhancing effect on crease in the level of biotinylated LRP6 (Figure 7A, lane
2). The lower molecular weight form of LRP6 is efficientlythe secretion of several Wnt proteins, including Wnt-3a,
Wg, and XWnt-8, or on the cell-surface localization of cleaved by endoglycosidase H and is resistant to neur-
aminidase (data not shown). In contrast, the higher mo-Drosophila Fz2 (Dfz2) or Mouse Fz4 (data not shown).
These results demonstrate that increased surface local- lecular weight form of LRP6 is resistant to digestion
with endoglycosidase H and sensitive to neuraminidaseization of LRP6 does not result from a general enhance-
ment of protein trafficking mediated by MESD. Recep- digestion (data not shown). We interpret these data as
evidence that the higher molecular weight fraction oftor-associated protein (RAP), a chaperone/escort for the
LDL receptor family member LRP1 (Bu and Rennke, LRP6 represents receptor that has transited through
the secretory pathway and is accessible to biotinylation1996; Willnow et al., 1996), fails to release LRP6 from
the ER (Figures 6G–6I). Instead, we observe an overall reagent, while the lower molecular weight form of LRP6
represents the fraction of receptor retained in the ER.reduction of LRP6 signal in the ER when LRP6, mesd,
and RAP are transfected together (Figure 6, compare These results, together with the immunofluorescence
staining results (Figures 6D–6F), indicate that exoge-[J] and [D]), suggesting that both MESD and RAP are
required for efficient transit from the ER. nous MESD promotes the transit of a significant fraction
of LRP6 through the secretory pathway to reach theTo further confirm the MESD-mediated change in sub-
cellular localization of LRP6, we treated the live, trans- plasma membrane.
RAP, on the other hand, exhibits little effect on LRP6fected cells with membrane-non-permeable biotinyla-
tion reagent and compared the levels of biotinylated surface localization. In the presence of exogenous RAP,
LRP6 remains trapped in the ER, and there is no increaseLRP6 (Figure 7A). In the absence of exogenous MESD,
the great majority of LRP6 in the lysate of transfected in the level of biotinylated receptor (Figure 7A, lane 3).
When both RAP and MESD are coexpressed (Figure 7A,cells exists as a lower molecular weight form, and little of
Cell
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Figure 6. MESD Promotes Transit of LRP6 from the ER
Confocal immunofluorescence images of COS cells transfected with LRP6-rhotag alone (A), or cotransfected with Mesd-flag (D–F), human
RAP (G–I), or both Mesd-flag and human RAP (J–L). LRP6-Rhotag (green), which accumulates in ER when expressed alone (A), becomes
localized to cell surface in the presence of exogenous Mesd-flag (red, [D–F]), but not in the presence of exogenous RAP (red, [G–I]). In the
presence of both MESD (not stained) and RAP (red, [J–L]), the majority of LRP6-rhotag (green) remains at the cell surface and ER retained
LRP6-rhotag is reduced. (F), (I), and (L) are the merged images of (D) and (E), (G) and (H), and (J) and (K), respectively. To examine the effect
of MESD on an unrelated receptor, cells were transfected with Kv1.1 alone (B) or Kv1.1 cotransfected with Mesd-flag (C). MESD (red) has no
effect in promoting Kv1.1 (green) to the cell surface.
lane 4), the level of the higher molecular weight, surface Since loss of mesd results in a phenotype distinct
from Lrp6/ (Pinson et al., 2000), we predict that MESDbiotinylated LRP6, is similar to that in cells coexpressing
LRP6 and MESD. However, the level of the lower molec- likely interacts with other LDL receptor-related proteins.
Consistent with this prediction, we observe increasedular weight, ER-trapped LRP6, is dramatically reduced
(Figure 7A, compare lane 4 with lanes 1 and 2). These membrane localization of the related WNT coreceptor
LRP5, as judged by immunofluorescence staining (dataobservations are consistent with the immunofluores-
cence results (Figure 6, compare [D]–[F] with [J]–[L]) not shown) and cell surface biotinylation when LRP5
and mesd are cotransfected (Figure 7A, lanes 5–8). Inand suggest that MESD and RAP are both required for
efficient transit of LRP6 through the secretory system. contrast, MESD fails to promote cell surface localization
MESD: LRP5/6 Chaperone
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Figure 7. MESD Promotes Cell Surface Lo-
calization of LRP5/6 by Reducing Receptor
Aggregation
(A) Biotinylation of live COS cells transfected
with LRP6-rhotag (lanes 1–4), or LRP5-rhotag
(lanes 5–8). COS cells were cotransfected
with mesd (lanes 2 and 6), RAP (lanes 3 and
7), or both mesd and RAP (lanes 4 and 8).
All samples were cotransfected with EGFP-
rhotag to control for the efficiency of transfec-
tion. The levels of LRP5 or LRP6 in total cell
lysate (upper three panels) and the immuno-
precipitate (lower three panels) were deter-
mined by Western blotting using -rhotag
mAb. The levels of biotinylated receptor in
the immunoprecipitate were determined by
probing the blots with avidin-peroxidase con-
jugate. The same samples were also assayed
for levels of heat-shock protein 70 (hsp70)
and/or EGFP-rhotag using -hsp70 and
-rhotag, respectively, to confirm that similar
amounts of lysate and precipitate were ana-
lyzed.
(B) MESD reduces aggregation of LRP6 and
intermolecular disulfide linkage. Lysates of
COS cells expressing LRP6-rhotag alone (lane 1), coexpressing Mesd-Flag (lane 2), RAP (lane 3), or both (lane 4) were mixed with gel loading
buffer in the absence (top) or presence (bottom) of -mercaptoethanol and analyzed by Western blotting using -rhotag mAb.
(C) Coimmunoprecipitation of MESD with LRP5/6. Lysate of COS cells expressing MESD-flag alone (lanes 1–3), coexpressing LRP6-rhotag
(lanes 4–6), Kv1.1-rhotag (lanes 7–9), Dfz2-rhotag (lanes 10–12), LRP5-rhotag (lanes 13–15), or LRP1 minireceptor (LRP1m-rhotag, lanes 16–18)
was immunoprecipitated with -rhotag mAb. Lysate (lanes 1, 4, 7, 10, 13, and 16), the precipitate (lanes 2, 5, 8, 11, 14, and 17) and the
unbound fraction (lanes 3, 6, 9, 12, 15, and 18) were assayed for the presence of MESD by Western blotting using rabbit -FLAG antibody
(top) or for the presence of the receptor using -rhotag mAb (bottom). To demonstrate the lack of MESD in the precipitate of Kv1.1, Dfz2,
and LRP1m, three times as many samples for lanes 7–12 and four times as many for lanes 13–18 were loaded compared to those in lanes
1–6. In all cases, we observed roughly complete pull-down of the receptor using -rhotag mAb.
of an unrelated multipass membrane protein Kv1.1, as After immunoprecipitating the receptor from lysate of
COS cells coexpressing the receptor and MESD, weseen by immunofluorescence (Figure 6, compare [B] and
[C]) and biotinylation of the receptor (data not shown). found that MESD is present in the precipitate of LRP5
or LRP6 (Figure 7C, lanes 5 and 14), but not in those of
unrelated receptors, Kv1.1 and Dfz2 (Figure 7C, lanes 8MESD Complexes with LRP5/6 and Prevents
Intermolecular Disulfide-Bonded Aggregates and 11). These immunoprecipitation results suggest that
MESD and its target are part of a physically associatedGiven the high cysteine content and the large number
of disulfide bonds in the extracellular domain of the complex. To further test the specificity of MESD inter-
action, we extended the assay to include an LRP1 mini-LDLR family members, we hypothesize that MESD may
be necessary for proper protein folding and correct di- receptor containing the three characteristic modules
found in LRP members (LRP1m, Figure 7C, lanes 16–18).sulfide bond formation. To test this hypothesis, we ex-
amined LRP6 in cell lysate prepared under reducing and We found no MESD in the immunoprecipitate of LRP1m,
suggesting that this minireceptor may not be a targetnon-reducing conditions. When expressed alone, LRP6
exists as a high molecular weight aggregate, which is of MESD or alternatively that the target specificity of
MESD may be determined by more specific structuralreduced to monomeric form by -mercaptoethanol (Fig-
ure 7B, lane 1). These results suggest that when MESD information rather than generic protein modules.
is limiting, LRP6 forms intermolecular disulfide-bonded
aggregates and is retained in the ER. In the presence Discussion
of exogenous MESD, a significant fraction of LRP6 mi-
grates as a monomer in SDS-PAGE in the absence of MESD Is Essential for Axis Specification
In this study, we provide evidence that defects in pat-reducing agent (Figure 7B, lane 2). In contrast, the pres-
ence of exogenous RAP does not prevent LRP6 aggre- terning of the proximal epiblast are likely responsible
for the failure to form a primitive streak and differentiategation (Figure 7B, lane 3), but coexpression of MESD and
RAP selectively reduces the amount of LRP6 aggregate mesoderm in mesd-deficient embryos (Holdener et al.,
1994). In contrast, mesd is not essential for specification,(Figure 7B, lane 4). These results suggest that the MESD
protein plays a key role during the biosynthesis of LRP6 localization, or function of the anterior signaling center.
The patterning defects and embryonic lethality resultby preventing protein aggregation and improper disul-
fide bond formation. from loss of a single gene, mesd. Our cell culture assay
provides evidence that MESD is essential for membraneTo begin to address the mechanism of MESD function,
we utilized a coimmunoprecipitation (IP) assay to deter- localization of the WNT coreceptors LRP5 and LRP6.
These results, combined with the striking similarity be-mine if MESD forms a complex with its target proteins.
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tween embryos homozygous for the mesd deletion and onic tissues that is essential for differentiation of the
epiblast. MESD could be required in the extra-embry-wnt3/ embryos (Liu et al., 1999), provide evidence that
the patterning defects in mesd-deficient embryos result onic tissue for response to WNT signals produced by
the epiblast or alternatively mediate WNT signals withinfrom a primary defect in WNT signaling stemming from
failure to localize LRP5 and LRP6 on the cell surface. the extra-embryonic tissue. Although no direct role for
WNT signal reception within the extra-embryonic tissueAt E7.5, mesd-deficient and wnt3/ embryos are ar-
rested at the egg-cylinder stage and resemble a two- has been described, expression of wnt3 in the visceral
endoderm overlying the proximal posterior epiblast oflayer pregastrula embryo. Mutant embryos fail to form a
primitive streak or differentiate mesoderm but correctly wild-type embryos at the prestreak stage (Liu et al.,
1999) is consistent with this possibility. Additionally,specify and localize the AVE. The epiblast of mutant
embryos continues to grow without further differentia- MESD may function in the extra-embryonic tissue to
facilitate the folding and localization of related LDLRtion and displays characteristic folding of the embryonic
ectoderm (Holdener et al., 1994 and Figures 1, 3, and family members. This hypothesis is supported by the
characteristic expansion of the parietal endoderm andSupplemental Figure S1). Furthermore, at E7.5, mutant
embryos also display similar gene expression patterns trophoblast layer in mesd-deficient embryos (Figure 2
and Holdener et al., 1994) that was not reported forwith the exception that nodal and T expression is not
observed in wnt3/ embryos. We attribute the reported wnt3/ embryos. Consistent with this prediction, Culi
and Mann (2003 [this issue of Cell]) demonstrate thatdifferences in nodal and T expression to the dynamic,
transient nature of their regulation rather than to distinct the Drosophila homolog of mesd, boca, is required for
both Arrow (the Drosophila homolog of LRP6 requireddifferences in patterning of the E7.5 mesd and wnt3/
embryos (see Supplemental Figure S1). Consistent with for wingless signaling) and Yolkless (yolk uptake during
oogenesis) function and can promote localization of thethis hypothesis, the AVE is correctly specified and local-
ized in wnt3/ and mesd-deficient embryos. In the human LDLR and related Drosophila receptor, lipopho-
rin, in S2 cells. While the full spectrum of MESD targetsabsence of Nodal ligand, the AVE fails to form and is
incorrectly localized in Smad2-deficient embryos (Sup- remains to be defined, the marked difference between
mesd-deficient and Dab2/-deficient embryos sug-plemental Figure S1 and Varlet et al., 1997; Waldrip et
al., 1998). Although we cannot rule out the possibility gests that MESD function is restricted relative to DAB2,
an adaptor protein implicated in trafficking of the LDLRthat an alternate mechanism exists for activating Nodal
downstream activity in wnt3/ embryos, we favor the family members LDLR, LRP1, and Megalin (Morris and
Cooper, 2001; Morris et al., 2002; Yang et al., 2002).hypothesis that the expression of nodal is either tran-
sient or expressed at a level below detection in wnt3 Dab2 is expressed in the visceral endoderm of early
embryos. Unlike mesd-deficient embryos, dab2/ em-mutant embryos. In contrast to the analysis of wnt3/
mutants, our assessment of Nodal expression in mesd- bryos exhibit disorganization of the visceral endoderm
(Morris et al., 2002), failure to specify and localize thedeficient embryos is based on the NodalLacZ allele and
provides a more sensitive and lasting record of nodal AVE (Yang et al., 2002), and disrupted organization of
the epiblast epithelial layer (Morris et al., 2002; Yang etexpression in mesd mutant embryos. Even with this sen-
sitive assay, we failed to detect NODAL-LacZ activity in al., 2002).
E8.5 mesd-deficient embryos (data not shown), further
underscoring the transient and dynamic nature of gene MESD and RAP: Two LDLR Family-Specific
expression in the early embryos. Similarly, we observed Chaperones?
no T expression in the majority of E8.5 mesd-deficient In this study, we provide evidence that the MESD protein
embryos (see Supplemental Figure S1). Overall, the simi- promotes cell surface localization of the WNT corecep-
larity between the mesd-deficient and wnt3/ pheno- tors LRP5 and LRP6. In the absence of sufficient MESD,
types at E7.5 provides compelling evidence that the LRP5 and LRP6 form intermolecular aggregates due to
epiblast patterning defects and failure to form primitive improper folding and disulfide bond formation. Raising
streak and differentiate mesoderm in mesd-deficient the level of exogenous MESD prevents or releases a
embryos result solely from the loss of LRP5/6 receptor significant fraction of LRP6 from the disulfide bonded
mediated WNT3 signaling. aggregate. The complex structure and high number of
disulfide bonds in LDLR family members pose a formida-
ble posttranslational processing challenge to cells. NotDiverse Functions of MESD
Despite the striking similarity between mesd-deficient surprisingly, 50% of familial hypercholesterolemia muta-
tions that have been characterized result in misfoldingand wnt3/ mutants, several observations suggest that
MESD may facilitate folding of related receptors. By and ER retention of the LDL receptor (Hobbs et al., 1992).
The correct folding and disposal of incorrectly foldedE8.5, wnt3/ embryos appear to have a growth advan-
tage over mesd-deficient embryos (Liu et al., 1999). This LDLR family members is assisted by additional proteins
and enzymes in the secretory pathway. Consistent withsize difference suggests that the effects of the mesd
are not limited to WNT3 signal transduction and raises this idea, it has been shown that prolonged interaction
between the mutant LDL receptor and the general chap-the possibility that other LDLR-mediated signaling is
important for proliferation in the embryo. erone Grp78 (BiP) results in ER retention of the receptor
(Jorgensen et al., 2000).The inability of wild-type embryonic stem cells to res-
cue mesd-deficient embryos suggests that the failure Members of the LDLR family possess an extracellular
domain consisting of clusters of cysteine-rich, comple-to activate the WNT pathway in extra-embryonic tissue
disrupts signaling between extra-embryonic and embry- ment-like repeats, EGF repeats, YWTD repeats that form
MESD: LRP5/6 Chaperone
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mesdc2 transgene, using a 16.6 kb fragment extending from SacII-propeller structure, a transmembrane domain, and a
at 36,890 to BamHI at 56,230. Primer pairs utilized for identificationcytoplasmic domain often containing NpxY endocytosis
of mesdc1 transgene were 5-ATTCGATATCAAGCTTAATT-3 andsignals. The arrangement and number of these modules
5-TTATAAGGGTCGGGGTTTGTCTGA-3. Primer pairs utilized for
varies significantly among family members, resulting in identification of mesdc2 transgene were 5- GAGGATCAGCCAGGC
receptors ranging in size from 80 (LRP9) to 600 kDa CAGGTTACT-3 and 5-CTTGATATCGAATTCCTGCA-3. PCR geno-
typing of embryos was previously described (Wines et al., 2001).(LRP1) (reviewed in (Strickland et al., 2002). For this
reason, we predict that the receptors are likely to share
Expression Constructscommon chaperones but have different contributions
A flag tag was inserted by PCR into the mouse mesd cDNA (ESTfrom these chaperones based on the number and ar-
AA108029) after amino acid 31 as described in Ho et al., 1989, andrangement of protein modules.
the resultant Mesd-flag insert was subcloned into the mammalian
RAP assists in the proper disulfide bond formation of expression vector pcDNA3.1/V5-His-TOPO. An identical insert lack-
the ligand binding complement-like repeats of LRP1 (Bu ing the REDL signal (amino acids 221–224) MesdREDL-flag was
made from the Mesd-flag subclone by PCR. To tag the receptorsand Rennke, 1996; Willnow et al., 1996). In these studies,
at their C terminus with the 12 amino acid C terminus of bovineefficient folding of soluble LRP1 mini receptors con-
rhodopsin (rhotag), the respective cDNA (mouse LRP6, mouse LRP5,taining predominantly the complement-like repeats indi-
Kv1.1, and Drosophila Fz2) was fused in-frame to the oligonucleotidecates that RAP has a clear role in assisting the folding
adaptor encoding the rhotag, and subcloned into pRK5, a CMV
of complement-like repeats and that MESD is not critical promotor-based eukaryotic expression construct. The RAP cDNA
for folding this module. Whether RAP also plays any role was obtained from Dudley Strickland and subcloned into pRK5. The
LRP1 minireceptor containing a C-terminal rhotag, LRP1m-rhotag,in the folding of other modules is not known. Since
was generated by deleting amino acids 1324–4063 and changingthe extracellular domains of LRP5 and LRP6 consist
the two cytoplasmic endocytosis motifs from NPxY to AGxY. Thepredominantly of -propeller and EGF motifs, with com-
K channel Kv1.1 expression construct was provided by Jamesplement-like repeats accounting for 5% of the extra-
Trimmer (Manganas and Trimmer, 2000).
cellular domain, we hypothesize that the requirement
for RAP may be minimal compared with MESD for the Transfection of COS Cells and Immunofluorescence Staining
proper folding of the LRP5/6 extracellular domain. Con- COS cells were transfected with a total of 1 	g plasmid DNA using
LipofectAMINE 2000 (Invitrogen) following manufacturer’s protocol.sistent with this prediction, RAP alone has no effect on
18–24 hr after transfection, cells were fixed in phosphate-bufferedthe transit of LRP5/6 to the cell surface, whereas the
saline (PBS) containing either 3% paraformaldehyde (Figure 5) orpresence of exogenous RAP and MESD together results
2% paraformaldehyde/0.01% glutaraldehyde (Figure 6) and perme-in a selective loss of the ER-retained LRP6 (Figure 7A,
abilized with 0.1% Triton X-100/PBS. Mesd-flag and MesdREDL-
lane 4), clearly suggesting that RAP and MESD act syn- flag were detected with mouse M2 -flag mAb (Figure 5) or rabbit
ergistically to process the LRP5/6 receptor for transit -flag antibody (Figure 6), followed by Alexa Fluor (AF) 488- or
AF660-conjugated secondary antibody (Molecular Probes). Cellsfrom the ER or alternatively target the misfolded recep-
were counterstained with rabbit -calreticulin antibody (StressGen)tor for degradation. We know little about the mechanism
or FITC-conjugated lens culinaris lectin (LCA) (Sigma). Receptorsof the concerted action of these two proteins. Further
with a C-terminal rhotag were detected using -rhotag mAb 1D4studies characterizing biochemical and genetic interac-
(provided by Jeremy Nathans, [Hodges et al., 1988]), followed by
tion between RAP and MESD, as well as MESD and the AF488-conjugated -mouse antibody. RAP was detected by rabbit
different LDLR family members will provide insight into -RAP (from Dudley Strickland), followed by AF660-conjugated
-rabbit antibody. Kv1.1 was detected by rabbit -Kv1.1 (fromthe functions of these chaperones.
James Trimmer), followed by AF488-conjugated -rabbit antibody.
Experimental Procedures
Biotinylation of Cell Surface Proteins
and ImmunoprecipitationGene Expression and Chimera Analysis
In situ hybridization was carried out as described in (Shumacher et Transfected COS cells were washed in ice-cold PBS containing 1
mM MgCl2 and 1 mM CaCl2 and treated four times, 15 min each,al., 1996). DNA constructs for probe preparation were kindly pro-
vided by Drs. Rosa Beddington (Cerberus-l, Hex, Hesx1, Mrgl), Rich- with 0.5 mg/ml sulfo-NHS-biotin (Pierce) in ice-cold PBS. The cells
were washed three times in PBS containing 50 mM NH4Cl and de-ard Behringer (Lim1 and Wnt3), Bernhard Herrman (T ), Brigid Hogan
(Bmp4), Gail Martin (Fgf8), Janet Rossant (Otx2 and eomesodermin), tached from the plates in 5 mM EDTA/PBS. After centrifugation, the
pelleted cells were lysed in 1% Triton X-100/0.4% sodium deoxy-Hans Scholer (Oct4/Pou5fa), and Michael Shen (Cripto). Color reac-
tion in mesd-deficient embryos was allowed to proceed for 24–48 cholate/5 mM EDTA/TBS (25 mM Tris-HCl [pH 7.4]/150 mM NaCl)
containing protease inhibitors. The cell lysate was immunoprecipi-hr compared with 6–24 hr in normal littermates. Dr. Elizabeth Robert-
son graciously provided the NodalLacZ reporter strain used to monitor tated with -rhotag mAb and protein G-agarose, as described below
for coimmunoprecipitation.nodal expression (Collingnon et al., 1996) and the Rosa26 ES cells
used for chimera analysis. LacZ staining of embryos was carried
out for 24 hr (Hogan et al., 1994). To generate chimeras, Rosa26 Coimmunoprecipitation
ES cells were injected into blastocysts obtained from intercross 18–24 hr after transfection, COS cells from a 35 mm plate were
between mice heterozygous for the mesd deletion (Del(7)Tyrc-3YPSd/ washed once with PBS, harvested in 5 mM EDTA/PBS, and lysed
Tyrc-ch). Embryos were genotyped after in situ hybridization and chi- in 200 	l of 1% Triton X-100 in TBS containing protease inhibitors.
mera analysis as previously described (Wines et al., 2001). The insoluble fraction was removed by centrifugation at 16,000 
g for 2 min at 4
C, and 100 	l of the soluble fraction was incubated
overnight at 4
C under constant rotation with -rhotag mAb pre-Transgene Analysis
Mice heterozygous for the mesd deletion (Del(7)Tyrc-3YPSd/Tyrc-ch) were attached to protein G-agarose. The precipitate was separated from
unbound fraction by centrifugation, washed four times with 200 	lmated to transgenic animals (either mesdc1 or mesdc2) also hetero-
zygous for the mesd deletion. Embryos were dissected between of 1% Triton X-100/TBS, and resuspended in 100 	l of 5 mM EDTA/
TBS. The lysate, resuspended precipitate, and unbound fractionE8.5 and E17.5 and scored for phenotype as well as by polymerase
chain reaction (PCR) for the presence of the deletion and transgene. were separated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, electroblotted onto nitrocellulose membrane,Mesdc1 transgene was constructed using an 11.8 kb HindIII frag-
ment corresponding to positions 32,269–44,038 in BAC 171M12 and and probed with indicated antibodies.
Cell
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